Enhanced Na+-Ca2' Exchange Activity in
Cardiomyopathic Syrian Hamster
Stephane N. Hatem, James S.K. Sham, Martin Morad Abstract The signaling of contraction by Ca24 in the Syrian hamster (BIO 14.6) heart in the late stage of the cardiomyopathy (220 to 300 days old) was compared with that in agematched healthy hamster hearts. Membrane current and cell shortening or intracellular Ca 2+ transients were measured simultaneously in isolated whole-cell-clamped myocytes. The density of the L-type Ca24 current was smaller in myopathic than in normal myocytes (2.13±0.3 versus 3.21±0. 4 pA/pF at 0 mV, P<.05). In both control and myopathic myocytes, the L-type Ca'4 current gated the release of Ca24 and activation of contraction. In myopathic myocytes, activation of contraction also activated a slowly inactivating inward current of 1.73±0.2 pA/pF. The Na4-Ca2' exchanger generated this current (INa-Ca), because it was suppressed by rapid replace-P revious studies using a variety of experimental approaches suggest that Ca2'-signaling mechanisms of cardiac myocytes are altered during the development of various types of cardiomyopathy.' One of the most consistent findings, in this respect, is the prolongation of the action potential in different types of cardiac hypertrophy. 23 The prolongation of the action potential has been attributed either to an increase in the density of the L-type Ca24 current (ICa), as in hypertrophy secondary to renal hypertension in the rat,4 or to changes in the inactivation of ICa, as in right ventricular hypertrophy in the cat. 5 On the other hand, in cardiac hypertrophy following rat aortic stenosis, the accompanying prolongation of the action potential cannot be attributed to the altered Ca24 channel activity, because the prolongation occurs at voltages negative to the activation of 'Ca and depletion of intracellular Ca24 pools or reduction of [Na4]0 suppresses the action potential prolongation. 2, 3, 6 There are also significant alterations in the processes that regulate the sequestration of Ca24 in myopathic heart.7-9 In most types of cardiomyopathy, in experimental animals or in humans, the activity of the Ca24-ATPase of the sarcoplasmic reticulum (SR) appears to be compromised. 10,1' Among the different animal models of cardiomyopathy, the Syrian hamster (BIO 14.6 ) provides a unique model of genetically determined cardiac hypertrophy.12,13 The evolution of the disease in this animal is characterized by (1) an early stage of cellular necrosis (40 to 60 days), (2) a ment of Na4 with Li4 and depletion of the intracellular Ca24 pool by caffeine. INa Ca, activated by rapid application of caffeine, was not significantly different in both groups (3.7+0.5 pA/pF in control hearts versus 3.9±0.5 pA/pF in cardiomyopathic hearts). The activation of the inward exchanger current in myopathic myocytes coincided with a significant prolongation of contraction and the intracellular Ca2 transient and a delay in the onset of relaxation. These results suggest that the enhanced activity of the Na4-Ca2`exchanger may be related to compromised sequestration of Ca24 in these animals. ( 
Materials and Methods Cell Isolation
Cardiac myocytes were enzymatically isolated from 220-to 300-day-old male Syrian cardiomyopathic (BIO 14.6) and normal healthy (F18) Syrian hamsters (Biobreeders, Fitchburg, Mass) by use of a modified procedure based on the technique described previously.14 Briefly, animals were anesthetized with pentobarbital, and hearts were removed rapidly and perfused retrogradely through the aorta with zero-Ca24 Tyrode's solution containing (mmol/L) NaCl 137, KCI 5. 
Statistical Analysis
Peak current density was analyzed using ANOVA with repeat-measurement design, with groups of animals and voltages as factors. An additional factor of drug effect was included to assess the effect of isoproterenol. The amplitude and the duration of cell contraction were analyzed with a one-way ANOVA. In the caffeine experiment, multivariate ANOVA, using intracellular Ca2+ transients and Na+-Ca2' exchange current (INa.Ca) as variables, was used to test the difference between the normal and myopathic myocytes. Duration of contraction and onset of relaxation of contraction and intracellular Ca 2+ transients were compared using unpaired Student's t test. Fig 3, CM) . A large and slowly inactivating tail (pA-pF) current was often observed after the termination of the (pA/pF) clamp pulse in cardiomyopathic myocytes (compare C with CM tracings in Fig 3) . On the other hand, in the vast majority (56 of 66) of control myocytes, the slowly inactivating transient inward current was absent at 0 mV (Fig 3, left) .
Results

Comparison of lCa in
Since the magnitude of the slowly inactivating current appeared to depend on the rate and magnitude of cell shortening, we compared the enhancing effects of 8-adrenergic stimulation on ICa, cell shortening, intracellular Ca2' transients, and the slowly inactivating current in control and cardiomyopathic myocytes. Fig 4 shows To obtain an estimate of the density of the slowly inactivating current at different potentials, the current was measured 50 milliseconds after the activation of 1Ca. Both groups of myocytes were bathed in isoproterenolcontaining solutions to maximize Ca2' release from the SR. In cardiomyopathic myocytes and control cells, the slowly inactivating current was activated at -30 mV with the activation of cell shortening and reached its maximum value at -10 mV. However, the density of the slowly inactivating current was significantly smaller in control compared with cardiomyopathic myocytes at all potentials tested. At 0 mV, the slowly inactivating current density was 0.53±0.03 pA/pF in control myocytes versus 1.73±0.2 pA/pF in cardiomyopathic myocytes (n=9) (P<.05).
The duration of contraction was significantly prolonged, and the onset of the relaxation (a period between the end of clamp pulse and the onset of decay of contraction) was also delayed in the cardiomyopathic myocytes. The durations of contraction were 301±13 versus 464±41 milliseconds (P<.001), and the onsets of relaxation occurred with a delay of 211±13 versus 316±22 milliseconds in control and cardiomyopathic cells, respectively. Similar and complementary changes in the relaxation of intracellular Ca21 transients were also measured in cardiomyopathic myocytes (Table) .
Slowly Inactivating Inward Current Is
Carried by Na+
To identify the nature of the ion carried by the slowly inactivating inward current, we tested the effects of reducing [Na+]0 on the magnitude of the current. A concentration-clamp device was used to exchange rapidly (<50 milliseconds) the solutions bathing the cell at 0.5 to 1 second before the depolarizing pulse. To avoid changes in the steady-state concentrations of intracellular Na+ (and therefore in Ca2' and the development of oscillatory contractions), the control external solution (137 mmol/L NaCl) was replaced by one containing 10 mmol/L NaCl (Na+ replaced by tetraethylammonium) for short 1-to 2-second periods. Fig 5 shows (10) 103±12 (10) 23±3.5 (9) 301±13 (9) 211+13 (9) Cardiomyopathic 575±139 (10) 177±14* (10) 19±1.7 (9) 464±41* (9) (control tracings) shows that in control myocytes, the major effect of washout of caffeine was a beat-dependent enhancement in the rate and magnitude of Ca'+ release accompanied by an increase in the rate of inactivation of Ica. In cardiomyopathic cells, on the other hand, washout of caffeine and the recovery of Ca'+ release was accompanied by the reactivation of INa Ca, which increased with increases in the magnitude of intracellular Ca'+ transients (Fig 7, cardiomyopathic tracings) . These findings confirm the dependence of the slowly inactivating current on the intracellular Ca'+ release and that this current is generated by the Na+-Ca'+ exchanger. They also point to the marked differences in the activation of the exchanger in response to the intracellular release of Ca2+ in control and cardiomyopathic myocytes. Fig 8 shows superimposed tracings of 'Ca and intracellular Ca'+ transients elicited by a depolarizing clamp pulse to 0 mV, in control and cardiomyopathic myocytes. Despite similar magnitudes in the peak of intracellular Ca'+ transients, the time courses of intracellular Ca2' transients were significantly different in control and cardiomyopathic myocytes. In cardiomyopathic myocytes, the onset of relaxation of intracellular Ca'+ transients was significantly delayed, 177±14 milliseconds for cardiomyopathic myocytes versus 103±12 milliseconds for control myocytes (n= 10, P<.05); the onset of relaxation was measured as the time interval between the beginning of intracellular Ca'+ transients and the intersection of the two lines denoting the peak Ca 2 release and the maximum rate of relaxation. On the other hand, peak Ca 2 release was not significantly different in control and cardiomyopathic cells, 616±+99 nmol/L versus 575+ 139 nmol/L (n= 10) (see Table) . (Fig 9) . This current was significantly larger than that observed in rat and guinea pig ventricular myocytes and ranged between 0.5 and 1 nA, compared with 50 to 250 pA in other species. [21] [22] [23] [24] [25] The caffeine experiments, although showing a 5 to 10 times larger INa Ca in myocytes from the Syrian hamster compared with other species, do not provide supportive evidence for differences in the density of the current in control and cardiomyopathic myocytes. However, it should be noted that, in the presence of caffeine, SR fails to function as an effective Ca2+-sequestering system, hence maximizing the role of the exchanger in the extrusion of Ca2 . In cardiac membrane preparations from Syrian hamster hearts, it has been reported that exchanger activity is enhanced in the early stage (30 days) mmol/L caused spontaneous oscillatory contractions. These data suggest that the exchanger could participate significantly in the Ca21 loading of the cells and may therefore constitute an important Ca21 influx route in these myocytes. This is consistent with the previous finding28 that Ca 2 overload can be induced by increasing [Ca2]0 in resting heart, ruling out a significant role for Ca21 channels but implicating the exchanger or a nonselective cationic leak channel.
In the absence of compelling data for overexpression of the exchanger in our group of myopathic myocytes (Fig 9) , the activation of a large inward INa-Ca (Figs 3, 4 (Figs 1 and 2) cannot account for the increase in the action potential duration. The enhancement of exchanger current in myopathic heart may, however, induce action potential prolongation, especially at -20 to 0 mV, and may represent a compensatory mechanism in the heart to counter possible functional pathologies in sequestration of Ca24 by the SR.
